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QUALITY CONTROL 



FIELD OF THE INVENTION 

[0001] An inspection of an integrated circuit mask including 
assessing mask quality is described. 

BACKGROUND OF THE INVENTION 
Mask/Reticle Defects 

[0002] To fabricate an integrated circuit (IC) in a 
semiconductor substrate, a physical representation of the IC is 
transferred onto a pattern tool. Then, the pattern tool is 
exposed to transfer this pattern onto the semiconductor 
substrate. A mask is a standard pattern tool used in IC 
processing. Typically, a mask includes patterns that can be 
transferred to the entire semiconductor substrate (for example, a 
wafer) in a single exposure. A reticle, another standard pattern 
tool, must be stepped and repeated to expose the entire substrate 
surface. For ease of reference herein, the term "mask" refers to 
either a reticle or a mask. 

[0003] A typical mask is formed from a quartz plate having a 
chrome coating. Generally, a mask is created for each layer of 
the IC design. Specifically, a portion of the IC layout data 
file representing a physical layer (such as a polysilicon layer 
or a metal layer) is etched into the chrome layer. Thus, each 
mask includes the pattern that represents the desired circuit 
layout for its corresponding layer. In high density ICs, a mask 
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can also include optical proximity correction (OPC) features, 
such as serifs, hammerheads, bias, and assist bars. These OPC 
features are sub-resolution features used to compensate for 
process artifacts and/or proximity effects. 



IC fabrication have recognized the importance of using masks that 
provide accurate representations of the original design layout. 
Unfortunately, a "perfect" mask is not commercially viable. In 
fact, even under optimal manufacturing conditions, some mask 
defects can occur outside the controlled process. 
[0005] A defect on a mask is any deviation from the design 
database (i.e. an irregularity) that is deemed unacceptable by an 
inspection tool or an inspection engineer. Figure 1 illustrates 
a flowchart 100 of a prior art method of inspecting an integrated 
circuit. In step 110, an IC is designed. In step 112, a data 
file of mask design data, e.g. a layout of the IC, is created. 
This data is used to manufacture the mask in step 114. At this 
point, the mask is inspected in step 116 by scanning the surface 
of the mask with a high- resolution microscope and capturing 
images of the mask. Irregularities in the mask are identified in 
a list by their location. In one embodiment, the mask has an 
associated grid pattern and the list designates the squares in 
the grid pattern in which the irregularities are located. This 
inspection and irregularity identification can be performed by 
specialized equipment/software provided by companies such as KLA- 
Tencor or Applied Materials. 

[0006] To determine whether the mask passes inspection (step 
118) , a skilled inspection engineer or a semi -automated 
inspection device reviews the irregularities identified in step 
116. Note that only irregularities deemed to be outside the 
tolerances set by the manufacturer or user are characterized as 
defects. If irregularities are discovered and are outside 



[0004] 



In high-density IC designs, those skilled in the art of 



NTI-004 



• 



PATENT 



tolerances, then a determination is made in step 128 if the mask 
can be repaired. If the mask can be repaired, then the mask is 
cleaned and/or repaired in step 130 and the process returns to 
step 116 of inspecting the mask. If the mask cannot be repaired, 
then a new mask must be manufactured and the inspection process 
returns to step 114. If the mask passes inspection, as 
determined in step 118, then an actual wafer is exposed using the 
mask in step 120. 

[0007] To ensure that the mask has produced the desired image 
on the wafer, the wafer itself is typically inspected in step 
122. If irregularities are discovered and are outside tolerances 
as determined in inspection step 124, then a determination is 
made in step 128 if the mask can be repaired. If the mask can be 
repaired, then the mask is cleaned and/or repaired in step 130 
and the process returns to step 116 of inspecting the mask. If 
the mask cannot be repaired, then a new mask must be manufactured 
and the inspection process returns to step 114. If 
irregularities on the wafer are discovered, but are determined to 
be within tolerances, then the mask passes inspection in step 124 
and the inspection process ends in step 126. 

[0008] Unfortunately, the above -described process has a number 
of significant disadvantages. For example, an automated 
inspection device measures tolerance principally by size. Thus, 
if a pinhole on the mask has a predetermined size, then the 
automated inspection device would probably designate the pinhole 
as a defect regardless of its location on the mask. In contrast, 
a skilled inspection engineer can use additional, more subjective 
methods based on his/her level of experience. Specifically, an 
experienced engineer might be able to determine whether a pinhole 
of even less than the predetermined size but in a critical area 
would have an adverse effect on functionality or performance and 
therefore should be characterized a defect, or whether a pinhole 
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greater than the predetermined size but not in a critical area 
would not affect functionality or performance. However, this 
skill set must be developed over time at considerable expense. 
Moreover, like all human activity, even after developing this 
skill set, the quality of review inevitably varies. Thus, the 
step of characterizing the irregularity is prone to error. 
[0009] Another disadvantage of the above -described process is 
the triggering of false defect detections. For example, an 
automated inspection device can falsely report an OPC or an 
imperfect OPC feature as a defect. As noted previously, an OPC 
feature is a sub-resolution feature used to compensate for 
proximity effects. Therefore, the OPC feature would typically 
not constitute nor contribute to a defect. 

Mask Inspection System 

[0010] To address these disadvantages, a mask inspection 
system designed by Numerical Technologies, Inc. provides mask 
quality assessment without resorting to an actual exposure of a 
wafer. This mask inspection system is described in U.S. Patent 
Application Serial No. 09/130,996 (herein referenced as the NT I 
system), entitled, "Visual Inspection and Verification System", 
which was filed on August 7, 1998 and is incorporated by 
reference herein. 

[0011] Figure 2 illustrates a process 200 of inspecting a mask 
for defects in accordance with the NTI system. Process 200 
utilizes an inspection tool 202 and a wafer image generator 209. 
In one embodiment, inspection tool 202 includes an image acquirer 
203, typically a high resolution imaging device, to scan all or a 
portion of a physical mask 201. A defect detection processor 204 
compares the mask images provided by image acquirer 2 03 to a set 
of potential defect criteria and determines what areas of the 
mask contain potential defects. If a potential defect is 
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identified, defect detection processor 204 signals a defect area 
image generator 205 to provide a defect area image of the area 
including and surrounding the potential defect. 



defect area image data 206 to wafer image generator 209. In 
another embodiment, this data is digitized by digitizing device 
2 07, stored in storage device 208 # and then provided to wafer 
image generator 209 at a later point in time. In yet another 
embodiment that analyzes both areas identified as potential 
defects and areas not identified as potential defects, the 
scanned image provided by image acquirer 2 03 can be provided 
directly to wafer image generator 2 09 or indirectly through 
digitizing device 207 and storage device 208. 

[0013] Wafer image generator 209 includes an input device 210 
that receives data directly from inspection tool 202 in a real 
time feed or off-line data from storage device 208. An image 
simulator 211 receives the information from input device 210 as 
well as other input data, such as lithography conditions 212. 
Lithography conditions 212 can include, but are not limited to, 
the wavelength of illumination, the numerical aperture, the 
coherence value, the defocus (wherein the term defocus as used 
herein refers to focal plane positioning) , the exposure level, 
lens aberrations, substrate conditions, and the required critical 
dimension. Using these inputs, image simulator 211 can generate 
a wafer image 213 that simulates physical mask 2 01 being exposed 
on a wafer. Image simulator 211 can also generate a simulated 
process window 214, and performance output 215. In one 
embodiment, image simulator 211 also takes into account the 
photoresist and/or the etching process as indicated by block 216. 
[0014] Although process 200 provides valuable information to 
the customer via the simulated wafer image 213, for example, the 
customer must still review that information to make a 
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determination regarding the appropriate action to take (e.g. 
repair the mask or fabricate a new mask) . Thus, process 2 00 can 
be subject to human error. Therefore, a need arises for a mask 
inspection system and process that provides an objective, 
accurate measure of mask defect printability and mask quality. 



SUMMARY OF THE INVENTION 

[0015] A system and method for analyzing defect printability 
is provided. In this analysis, a physical mask and a 
corresponding, defect -free reference image are inspected. In one 
embodiment, the defect -free reference image can be one of the 
following: a simulated image of the layout of the physical mask, 
a defect -free area of the physical mask having the same pattern, 
or a simulated image of the physical mask as it is processed in 
manufacturing . 

[0016] This inspection identifies any defects, i.e. 
irregularities, of the physical mask compared to the reference 
image. If a defect is identified, a defect area image of the 
defect and the area surrounding the defect from the physical mask 
as well as the corresponding area image from the reference image 
are provided to a wafer image generator. The wafer image 
generator generates simulations of the image data, i.e. for the 
physical mask and reference image. 

[0017] In one embodiment, the wafer image generator can 
receive a plurality of lithography conditions. These conditions 
include data that is specific to the lithography conditions and 
system parameters under which the physical mask will be exposed 
by the customer. Such data could include, for example, the 
wavelength of the illumination being used in the system (X) , the 
numerical aperture of the system (NA) , the coherency value of the 
system (a), the illumination type (e.g. off-axis or annular), the 
defocus, the exposure level, the lens aberrations, the substrate 
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conditions, and the critical dimension (CD) of the design. In 
one embodiment, each parameter could include a range of values, 
thereby allowing the wafer image generator to generate a 
plurality of simulations based on a range of possible lithography 
conditions in different combinations. 

[0018] Sub-wavelength production flow, which is highly non- 
linear, can be compensated for in the following manner. 
Specifically, to enhance the accuracy of the wafer image.s. i n su b- 
wavelength technology, the wafer image generator can also receive 
one or more conversion factors. The conversion factor can vary 
based on features on the mask, such as isolated lines, densely 
packed lines, and contacts. The conversion factor can also vary 
based on certain aspects of the fabrication process, including 
the stepper parameters and the photoresist. 

[0019] In one embodiment, a test pattern provided on a test 
mask is simulated using the wafer image generator. The test 
pattern could include isolated lines of varying widths, densely 
pack lines of varying widths, and contacts of various sizes. 
Defect anajj^sis, including any c hanges in critical dimen sion-. 

(CD) , can be noted for each test pattern on the simulated wafer 
image. Note that as used herein, the. CD is a measurement or 
calculated size of a specified location, which can be one- 
dimensional or two-dimensional. From this information, the 
conversion factor for each feature can be accurately calculated. 
Moreover, any number of simulations can be provided using various 
processes (e.g. lithography conditions) to obtain the conversion 
factors for these fabrication processes. A mask shop specific 
bias can also be included in the lithography conditions, thereby 
further enhancing the accuracy of the conversion factors 
generated by this embodiment. 

[0020] This method of providing conversion factors is 
extremely cost-effective because it eliminates the cost 
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associated with the printed wafer as well as the time for 
fabrication of that wafer. Moreover, because of the simulation 
environment, this method provides significant flexibility in 
optimizing system parameters before actual fabrication. 
[0021] In accordance with one embodiment, a defect 
printability analysis generator receives the simulated wafer 
images of the physical mask and the reference image from the 
wafer image generator. In one embodiment, the two simulated 
wafer images are aligned in a pre-processing operation. 
Alignment can be done using defect free patterns in the mask or 
using coordinates from the masks. When these patterns or 
coordinates are aligned, the features provided on those masks (as 
well as on wafer images of those masks) are also aligned. 
[0022] After alignment, two-dimensional analysis can proceed. 
In two-dimensional analysis, a defect on the simulated wafer 
image of the physical mask and the corresponding area on the 
simulated wafer image of the reference mask are identified. 
Then, any feature proximate to the defect (a neighbor feature) on 
the simulated wafer image of the physical mask is identified. In 
one simple implementation, any feature within a predetermined 
distance of the defect can be identified as a neighbor feature. 
In another embodiment, both the size of the defect and the 
distance of the defect from the neighbor feature are compared to 
measurements in a design rule table. The design rule table can 
identify, for each defect size (or range of sizes) , a maximum 
distance from the defect, wherein if the feature is located less 
than the maximum distance from the defect, then the feature is a 
neighbor feature. Finally, any identified neighbor features are 
located on the simulated wafer image of the reference mask. 
[0023] At this point, defect analysis on the simulated wafer 
images can be done. Defect analysis includes determining an 
average CD deviation (ACD) , a relative CD deviation (RCD) , and a 
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maximum CD deviation (MCD) . To calculate the ACD, a CD of a 
defect -free feature on the simulated wafer image of the physical 
mask is subtracted from the CD of the corresponding feature on 
the simulated wafer image of the reference mask. This difference 
is then divided by the CD of the corresponding feature on the 
simulated wafer image of the reference mask. This calculation 
generates a CD deviation of the simulated wafer physical image 
from the simulated wafer reference image (i.e. a calibration 
factor used for later calculations) . For greater accuracy, more 
than one defect -free area can be analyzed to provide the ACD for 
defect-free areas. In one embodiment, ACDs are calculated for 
each exposure . 

[0024] To calculate the relative CD deviation (RCD) , a CD of 
an identified neighbor feature on the simulated wafer image of 
the reference mask is subtracted from the CD of the corresponding 
feature on the simulated wafer image of the physical mask. Note 
that a feature can be one -dimensional , such as a line or space, 
or two-dimensional, such as a contact hole, pile, post, serif, or 
some other area-based structure. This difference is then divided 
by the CD of the corresponding feature on the simulated wafer 
image of the reference mask. In one embodiment, the RCD can be 
calculated for each neighbor feature and for each exposure. The 
maximum CD deviation (MCD) among the RCDs can then be determined 
for each exposure level. 

[0025] In accordance with one embodiment, the defect 
printability analysis generator can also receive information from 
a critical region identification generator. The critical region 
identification generator provides the defect printability 
analysis generator with information identifying areas of each 
mask that are designated critical regions, such as gates, that 
require a high degree of precision to ensure proper performance 
in the final IC device. This information is referred to as the 
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tolerance for CD deviations (TCD) . A defect in a critical region 
typically has a lower TCD than a defect in a non-critical region. 
[0026] In accordance with one feature, a defect severity score 
(DSS) can be calculated using the average CD deviations (ACD) , 
the maximum CD deviations (MCDs) , the tolerance for CD deviations 
(TCD) , and a variable N indicating the total number of exposures 
used. One exemplary equation for calculating this defect 
severity score is: 

N 

DSS = (3/N) x E (MCDi - (ACDi/3 ) ) /TCD 



[0027] In one embodiment, the defect printability analysis 
generator outputs a DSS having a scale from 1 to 10 in an impact 
report . This impact report can be used to reduce human error in 
defect printability analysis. For example, perhaps a 
predetermined DSS score could indicate that the printed features 
(as simulated by the inspection system) would have significant 
performance issues, but that repair of the physical mask is 
possible. On the other hand, perhaps a higher DSS score than 
above could indicate not only performance issues, but that re- 
fabrication of the physical mask is recommended. Thus, by 
providing a numerical result having an associated meaning for 
each number, a technician can proceed efficiently and without 
error to the next action, e.g. repair of the physical mask or re- 
fabrication of the physical mask. 

[0028] In another feature, defect printability can also be 
objectively assessed using various process windows. Illustrative 
process windows are those provided by plots of defocus versus 
exposure deviation or depth of focus versus exposure latitude. 
Curves on these plots represent areas including a defect as well 
as defect- free areas. The largest rectangle fitting within these 
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curves is termed the exposure defocus window, wherein a common 
process window is the intersection of multiple exposure defocus 
windows. Focus and exposure values that fall within the common 
process window produce resist features, e.g. CDs, within 
tolerance, whereas focus and exposure values that fall outside 
the process window produce resist features outside tolerance. 
Thus, analyzing the process windows associated with a feature can 
provide an objective means of determining the printability of 
that feature based on the proximity of a defect . In one 
embodiment, the defect printability analysis generator could 
determine a common process window for the features provided in 
physical and reference masks and provide this information in the 
impact report . 

[0029] The impact report can be advantageously used to analyze 
repairs that could be done on a physical mask. Specifically, 
using the impact report (or portions therein) , a bitmap editor 
can indicate possible corrections to be made to the physical mask 
to eliminate or significantly minimize the effects of one or more 
defects. The bitmap editor can then output a simulated mask 
including these corrections (the repaired mask) . 

[0030] Then, the repaired mask can be inspected by the 
inspection tool and used by the wafer image generator to generate 
a new, simulated wafer image and a new impact report that 
indicates the success of the possible corrections provided in the 
repaired mask. If the corrections are acceptable, then the 
bitmap editor can provide the correction information directly to 
the mask repair tools for repair of the physical mask. If the 
customer desires additional optimization or analysis of different 
parameters, then the above-described processes can be repeated 
until either the corrections are deemed to be within an 
acceptable range or the bitmap editor indicates that the desired 
result cannot be attained by repairing the physical mask. 
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[0031] In one embodiment, the bitmap editor can also indicate 
the optimized mask writing strategy, e.g. identify certain tools 
to be used for certain defects. Additionally, bitmap editor can 
receive inputs that indicate customer time or cost limitations, 
thereby allowing the bitmap editor to optimize the repair process 
based on these customer parameters . In yet another embodiment of 
the invention, the bitmap editor can be used to provide 
information to wafer repair tools. Specifically, the bitmap 
editor can include a program that compares the efficacy of 
repairing a mask versus repairing a wafer. 
[0032] The defect printability analysis can be done on 
individual defects or on a plurality of defects. In one 
embodiment, the inspection tool and the wafer image generator can 
automatically provide outputs regarding all defects found on the 
physical mask. Thus, the resulting impact report could include 
defect severity scores on all defects. 

[0033] Alternatively, if desired, the impact report could 
include only defect severity scores above a certain value. This 
tailored impact report could, in turn, be provided to the bitmap 
editor and subsequently to the mask repair tools. Therefore, the 
inspection system could encompass a complete, automated defect 
detection and correction process, thereby significantly reducing 
the time for a mask to be analyzed and repaired (if appropriate) . 
[0034] The defect printability analysis also eliminates the 
necessity of evaluating OPC features separately from other 
features. If an OPC feature prints (as determined by simulated 
wafer image) due to a defect, then the defect defect analysis can 
indicate this error as CD changes are determined. Thus, by 
eliminating any complicated design rules regarding OPC features, 
the inspection system ensures a quick, reliable, and accurate 
method to identify defects adversely affecting OPC features. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] Figure 1 illustrates a prior art mask inspection 
process . 

[0036] Figure 2 illustrates a known mask inspection process 
and system developed by Numerical Technologies, Inc. 

[0037] Figure 3 illustrates a method of analyzing defects by 
using multiple masks. 

[0038] Figures 4A and 4B illustrate analyzing defects based on 
their location in relation to various features on the mask. 
[0039] Figure 5 illustrates a mask inspection process and 
system. 

[0040] Figure 6 illustrates one method to generate accurate 
conversion factors. 

P 

\Q [0041] Figure 7 illustrates another method to generate 
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accurate conversion factors. 

;f* [0042] Figures 8A-8C illustrate various features of a 

]1J computer- implemented program associated with the defect 

J printability analysis generator. 

it 

Q [0043] Figures 9A and 9B illustrate portions of a physical 

y 

|U mask and a reference mask, respectively. 

!5J [0044] Figures 10A(l-3) illustrate simulated wafer images of a 
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defect -free area of the physical mask in Figure 9A for three 
exposures . 

[0045] Figures 10B(l-3) illustrate simulated wafer images of a 
defect -free area of the reference mask in Figure 9B for three 
exposures . 

[0046] Figures llA(l-3) illustrate simulated wafer images of a 
defect area of the physical mask in Figure 9A for three 
exposures . 

[0047] Figures llB(l-3) illustrate simulated wafer images of a 
defect area of the reference mask in Figure 9B for three 
exposures . 
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[0048] Figure 12A illustrates a mask including a feature and 
defect proximate to the feature. 

[0049] Figure 12B illustrates a plot of feature size versus 
defocus for the feature of Figure 12A. 

[0050] Figure 12C illustrates a plot of exposure deviation 
versus defocus and a common process window plot for the feature 
of Figure 12A. 

[0051] Figure 12D illustrates a plot of exposure latitude 
versus depth of focus for the feature of Figure 12A. 

[0052] Figure 13A illustrates a mask including a feature and 
defect proximate to the feature, wherein this defect is larger 
than the defect of Figure 12A. 

[0053] Figure 13B illustrates a plot of feature size versus 
defocus for the feature of Figure 13A. 

[0054] Figure 13C illustrates a plot of exposure deviation 
versus defocus for the feature of Figure 13A. 

[0055] Figure 13D illustrates a plot of exposure latitude 
versus depth of focus for the feature of Figure 13A. 

[0056] Figure 14A illustrates a mask including a feature 
having a defect integrally formed therein. 

[0057] Figure 14B illustrates a plot of feature size versus 
defocus for the feature of Figure 14A. 

[0058] Figure 14C illustrates a plot of exposure deviation 
versus defocus for the feature of Figure 14A. 
[0059] Figure 14D illustrates a plot of exposure latitude 
versus depth of focus for the feature of Figure 14A. 
[0060] Figure 15A illustrates a mask including a feature 
having a defect integrally formed therein, wherein this defect 
larger than the defect of Figure 14A. 

[0061] Figure 15B illustrates a plot of feature size versus 
defocus for the feature of Figure 15A. 
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[0062] Figure 15C illustrates a plot of exposure deviation 
versus defocus for the feature of Figure 15A. 

[0063] Figure 15D illustrates a plot of exposure latitude 
versus depth of focus for the feature of Figure 15A. 

[0064] Figure 16A illustrates a mask including a contact (or 
via or" post) . 

[0065] Figure 16B illustrates a plot of feature size versus 
defocus for the contact of Figure 16A. 

[0066] Figure 16C illustrates a plot of exposure deviation 
versus defocus for the contact of Figure 16A. 

[0067] Figure 16D illustrates a plot of exposure latitude 
versus depth of focus for the contact of Figure 16A. 
_ [0068] Figure 17A illustrates a mask including a contact (or 

?S via or post) having significant critical dimension (CD) 

® 

\^ variation. 

3 P [0069] Figure 17B illustrates a plot of feature size versus 

defocus for the contact of Figure 17A. 

[0070] Figure 17C illustrates a plot of exposure deviation 
versus defocus for the contact of Figure 17A. 
[0071] Figure 17D illustrates a plot of exposure latitude 
versus depth of focus for the contact of Figure 17A. 
[0072] Figure 18 illustrates a mask repair process and system. 
[0073] Figure 19A illustrates a simplified layout showing a 
line with line edge roughness that might not exhibit critical 
dimension variations. 

[0074] Figure 19B illustrates a simplified layout in which 
line edge roughness is determined. 

[0075] Figures 20A and 20B illustrate a simplified layout in 
which corner rounding and/or symmetry is determined. 
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irregularities, i.e. potential defects, are characterized as 
actual defects. In one embodiment, a severity score is provided 
for each defect, thereby giving a customer meaningful information 
to accurately assess the consequences of using a mask or 
repairing that mask. The defect severity score is calculated 
based on a number of factors relating to the changes in the 
critical dimensions of features proximate to the defect. In 
another embodiment, process windows can be used to provide 
objective information regarding mask defect printability . 
Certain other aspects of the mask relating to mask quality, such 
as line edge roughness and contact corner rounding, can also be 
quantified. 

Layout of the IC: Identify Critical Regions 
[0077] Figure 3 illustrates a feature that facilitates 
identifying critical regions of an IC. Specifically, a 
simplified process 300 includes identifying a defect in a mask 
and using at least one other mask to determine whether the defect 
is located in a critical region. For example, mask 301 
represents a polysilicon region 310 of one layer in an IC. Two 
defects 304 and 305 are identified on polysilicon region 310. 
Note that both defects are identical in size. Mask 302 
represents a diffusion region 311 of another layer in the IC. 
[0078] Process 300 includes determining the size and location 
of the defects in relation to features in various masks, such as 
masks 301 and 302. For example, defects 304 and 305, when viewed 
solely with respect to polysilicon region 310 on mask 301, could 
be deemed insubstantial by a prior art inspection device, which 
typically determines defects by size. In contrast, process 300, 
in addition to size, considers the location of defects 304 and 
305 in relation to diffusion region 311 provided on mask 302. 
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Specifically, process 300 uses information from various masks to 
identify critical regions of the IC. A composite IC layout 303 
identifies the overlap of polysilicon region 310 and diffusion 
region 311 as a critical region 306. As a key feature of the 
final IC, critical region 306, i.e. a gate, requires a high 
degree of precision to ensure proper performance of the 
transistor in the final IC device. Thus, by analyzing multiple 
masks and the features therein, defect 305 could be characterized 
as insubstantial because it is small and in a non-critical region 
(e.g. the interconnect), whereas defect 305 could be 
characterized as substantial even though it is small because it 
is in a critical region of the IC (e.g. the gate). 
[0079] As described below in detail, .a defect in a critical 
region will typically have a higher defect severity score than a 
defect in a non-critical region. 

CD Variations: Identify Defect and Neighboring Features 
[0080] Figure 4A illustrates a simplified mask 400 
representing various polysilicon features of one layer in an IC. 
Mask 400 includes three defects 401, 402, and 403 that might 
affect neighboring polysilicon features 404 and 405. In this 
example, assume that defects 401, 402, and 403 are identical in 
size . 

[0081] In general, a defect typically has more impact in a 
crowded region than in a less-crowded region. Thus, a defect 
located in an area defined by features a distance X apart can 
have more printability impact than a defect located in an area 
defined by features distance Y apart, assuming that distance X is 
less than distance Y. However, this general rule has significant 
limitations . 

[0082] Referring to Figure 4B, each defect can be analyzed 
according to its location relative to neighboring features. For 
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example, assume that defect 401 is located a distance dl (A) from 
feature 405 and a distance dl (B) from feature 404, wherein 
distance dl (A) is substantially equal to distance dl (B) . Assume 
further that defect 403 is located a distance d3 (A) from feature 
405 and a distance d3 (B) from feature 404, wherein distance d3 (A) 
is substantially equal to distance d3 (B) . In this example, 
defect 401 would have a greater printability impact on mask 400 
than defect 403. Therefore, the general rule applies to defects 
401 and 403. 

[0083] However, mask 400 also includes a defect 402 located a 
distance d2 (A) (i.e. zero) from feature 405 and a distance d2 (B) 
from feature 404. In this case, defect 402 could have more 
printability impact on feature 405 than defect 401. Moreover, 
defect 402 probably has less printability impact on feature 404 
than defect 403. Thus, a general rule limited to the spacing of 
features does not provide an accurate indication of printability 
impact . 

[0084] One possible solution to this problem is to measure the 
distances to neighboring features (such as dl, d2, and d3) from 
each defect (such as defects 401, 402, and 403, respectively) . 
These distances in combination with a measurement of the size of 
the defect could be factored into a plurality of design rules to 
provide the printability impact. However, this analysis is 
computationally intensive, thereby increasing the time required 
to provide meaningful information to the customer. Moreover, 
even if the size of the defect and the distance of the defect 
from the neighboring feature are known, the actual impact of the 
defect on the neighboring feature cannot fully be predicted by 
mere inspection of the mask. 

Defect Printability Analysis 
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[0085] Therefore, in accordance with one embodiment, a limited 
number of variables are analyzed. In one embodiment, this 
limited number of variables includes the critical dimension (CD) 
of the mask. Specifically, any CD changes in features that occur 
because of the proximity of a defect can be determined. To 
analyze these CD changes, the mask image can be simulated, as 
described in reference to Figure 5 . 

[0086] Figure 5 illustrates a process 500 for analyzing defect 
printability . In process 500, a physical mask 501A and a 
reference mask 501B are analyzed by an inspection tool 502. In 
one embodiment, reference mask 501B can be a physical mask having 
the same layout as physical mask 501A, but having no defects. In 
another embodiment, reference mask 501B can be a simulated image 
from a layout of physical mask 501A. 

[0087] In one embodiment, an inspection tool 502 includes an 
image acquirer 503 to scan all or a portion of a physical mask 
501A and corresponding portions of reference mask 50 IB. Image 
acquirer 503 may include a high-resolution imaging device such as 
a high-resolution optical microscope, a scanning electron 
microscope (SEM) , a focus ion beam, an atomic force microscope, 
or a near-field optical microscope. Image acquirer 503 may also 
include an interface device for digitizing the image information 
from the imaging device. In one embodiment, the interface device 
includes a CCD camera that generates a gray scale bit image that 
represents the image. 

[0088] A defect detection processor 504 compares the images 
from physical mask 501A and reference mask 501B provided by image 
acquirer 503 and identifies any defects of physical mask 501A. 
In one embodiment, defect detection processor 504 includes a 
computer running a program of instructions for scanning masks 
501. If a defect is identified, defect detection processor 504 
signals an image generator 505 to provide an image of the defect 
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and the area surrounding the defect from physical mask 501A as 
well as the corresponding area from reference mask 501B. Image 
generator 505 also provides an image of a defect -free area from 
both masks 501. In one embodiment, image generator 505 can 
provide an image including both the defect area and the defect - 
free area. To facilitate the defect printability analysis 
described below in detail, the coordinates of these defect and 
defect -free areas can be transmitted with the generated area 
image data. Note that if reference mask 501B is provided as a 
simulated layout and if a complete image of physical mask 501A is 
to be generated, then the simulated layout file of reference mask 
501B can be provided directly to image generator 505 as indicated 
by line 506B. 

[0089] In one embodiment, inspection tool 502 then provides 
both area image data from physical mask 501A and reference mask 
501B to a wafer image generator 509 in a real-time data feed, as 
indicated by line 506D. In another embodiment, this data is 
digitized by digitizing device 507, stored in a storage device 
508, and then provided to wafer image generator 509 at a later 
point in time. Storage device 508 can store this digitized 
information in a format such as Windows BMP on any type of 
appropriate media including a computer hard disk drive, a CDROM, 
and a server. In yet another embodiment that analyzes physical 
mask 501A in its entirety, the scanned image (s) provided by image 
acquirer 503 can be provided to image generator 505 as indicated 
by line 506A or to digitizing device 507 as indicated by line 
506C. 

[0090] Wafer image generator 509 includes an input device 510 
and an image simulator 511. Input device 510 typically includes 
hardware for reading the type of image data from inspection tool 
502 and/or from storage device 508, such as any known, digitizing 
image grabber (for a real-time data feed) provided by Matrox™, 
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Meteor™, or Pulsar™. In one embodiment, image simulator 511 
includes a computer- implemented program running Windows/DOS at 
200 MHz on an appropriate platform, such as a personal computer 
or a workstation, having at least 64 MB of memory. Image 
simulator 511 receives the image data from input device 510 and 
generates simulations of the image data, i.e. for physical mask 
501A and reference mask 501B. These simulations are referenced 
herein as wafer image (Phy) (for physical mask) 517A and wafer 
image (Ref) (for reference mask) 517B. 

[0091] In one embodiment, image simulator 511 further receives 
a plurality of lithography conditions 512. These conditions 
include data that is specific to the lithography conditions and 
system parameters under which physical mask 501A will be exposed 
by the customer. Such data could include, for example, the 
wavelength of the illumination being used in the system {X) , the 
numerical aperture of the system (NA) , the coherency value of the 
system (a), the type of illumination (e.g. off-axis or annular), 
the defocus, the exposure level, the lens aberrations, the 
substrate conditions, and the critical dimension (CD) of the 
design. In one embodiment, each parameter could include a range 
of values, thereby allowing image simulator 511 to generate a 
plurality of simulations based on a range of possible lithography 
conditions in different combinations. For example, this could be 
done by Monte Carlo simulation with different types of 
distribution, such as Gaussian distribution. Thus, wafer image 
(Phy) 517A and wafer image (Ref) 517B can represent the simulated 
images which physical mask 501A and reference mask 501B (or 
portions thereof) would generate if an optical lithography 
exposure had been performed under the same conditions as 
lithography conditions 512. 
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[0092] 



For above (or near) wavelength designs, design rules 



for features used in the layout can typically scale 
simultaneously by the same factor. In the event that some rules 
do not scale as fast as the other rules, minor modifications, 
typically performed within a relatively short time, can be made 
to the database. However, in contrast, manufacturing steps in 
sub-wavelength production flow are highly non- linear. 
Specifically, any mask errors can be amplified in the printed 
pattern on the wafer, and consequently can adversely affect final 
device performance. 

[0093] Therefore, to enhance the accuracy of wafer images 517 
in sub-wavelength technology, image simulator 511 can also 
receive a conversion factor 513 in accordance with one 
embodiment. In one instance, the conversion factor is called a 
mask error enhancement factor (MEEF) . 

[0094] If the conversion factor is "known" , then a 
multiplication of the mask CDs by the conversion factor can be 
done. Currently, "known" conversion factors are typically 
theoretical estimations. However, these theoretical estimations 
can be inaccurate for a number of reasons. First, as recognized 
by Applicants, the conversion factor can vary based on features 
on the mask. For example, the conversion factor for isolated 
lines can be different from the conversion factor of densely 
packed lines. Moreover, the conversion factor for a contact can 
be different from the conversion factors of either isolated lines 
or densely packed lines. Second, in addition to design issues on 
the mask, all aspects of the fabrication process including the 
stepper and the photoresist, for example, can affect the 
conversion factor for a particular feature on the mask. 
Therefore, theoretical estimations, which fail to account for 
design issues and process parameters, are inherently inaccurate. 
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accurate, then actual wafers can be fabricated and the device CDs 
can be measured on the wafer using SEM to determine the 
conversion factor(s). However, this process typically includes 
printing and measuring tens or even hundreds of mask features to 
measure and calculate the conversion factor(s). Therefore, this 
process is extremely expensive and, thus, commercially 
impractical . 

[0096] A number of cost-effective solutions to the above- 
described problems can be provided. Figure 6 illustrates one 
method 600 to generate accurate conversion factors. In method 
600, a test pattern can be provided on a test mask in step 601. 
The test pattern could include isolated lines of varying widths, 
densely packed lines of varying widths, and contacts of various 
sizes. At this point, a single wafer can be printed in step 602. 
Defect analysis, including any changes in CD, can be noted for 
each test pattern on the wafer in step 603. From this 
information, the conversion factor for each feature can be 
accurately calculated in step 604. A limited number of 
additional wafers can also be printed using various processes to 
obtain the conversion factors for these fabrication processes. 
[0097] Note that the wafer printed from the test mask also 
includes shop- specif ic information, which could affect the 
conversion factor. Specifically, process variations can, and 
typically do, vary from one shop to another shop. This variation 
can result in some CD changes on the wafer, which is generally 
termed "bias" in the industry. By printing a wafer or a limited 
number of wafers at the shop and using a test mask as described 
above, a customer can either verify the shop's published bias or 
independently determine that shop's bias. 

[0098] The test mask having the above -described test pattern 
provides the user with an accurate conversion factor as well as 
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shop bias, thereby allowing the customer to potentially 
compensate for unacceptable CD changes (typically either in the 
design process, in the mask correction operation (described in 
further detail below) , or by choosing a different shop) . 



accurate conversion factors. In method 700, a test pattern can 
be provided on a test mask in step 701. Similarly to method 600, 
this test pattern could also include isolated lines of varying 
widths, densely packed lines of varying widths, and contacts of 
various sizes. At this point, a wafer image from the test mask 
can be simulated in step 702 using image simulator 511 (Figure 
5) . Defect analysis, including any changes in CD (explained in 
detail below) , can be noted for each test pattern on the 
simulated wafer image in step 703. From this information, the 
conversion factor for each feature can be accurately calculated 
in step 704. Note that any number of additional masks can be 
simulated using various processes (e.g. lithography conditions 
512) to obtain the conversion factors for these fabrication 
processes. Further note that the shop bias, described in 
reference to Figure 6, can also be included in lithography 
conditions 512, thereby further enhancing the accuracy of the 
conversion factors generated by this embodiment. 
[0100] Method 700 is extremely cost-effective because it 
eliminates the cost associated with the printed wafer as well as 
the time for fabrication of that wafer. Moreover, because of the 
simulation environment, method 700 provides significant 
flexibility in optimizing system parameters before actual 
fabrication. 

Image Simulation 

[0101] Image simulator 511 approximates the process of optical 
lithography by using a simplified version of the Hopkins model as 



[0099] 



Figure 7 illustrates another method 700 to generate 
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applied to integrated circuit patterns. In this simplified 
version, the Hopkins model is viewed as a plurality of low pass 
filters that are applied to the input data. The output images 
from those low pass filters are added to generate the simulated 
images (i.e. simulated wafer (Phy) image 517A and simulated wafer 
(Ref ) image 517B) . Additional information regarding the Hopkins 
model as used by image simulator 511 is provided in U.S. Serial 
No. 09/130,996, and therefore is not described in detail herein. 

Defect Severity Score Calculation 

[0102] A defect printability analysis generator 515 receives 
simulated wafer images 517 from image simulator 511. Generator 
515 includes a computer- implemented program running Windows/DOS 
at 2 00 MHz on an appropriate platform, such as a personal 
computer or a workstation, having at least 64 MB of memory. In 
one embodiment, image simulator 511 and generator 515 run on the 
same platform. 

[0103] Figures 8A-8C illustrate various features of the 
computer- implemented program associated with generator 515. 
Figure 8A indicates that a method 800 of generating a defect 
severity score includes a pre-processing step 810, a two- 
dimensional analysis step 820, a defect analysis step 830, and a 
critical area designation step 840. 

[0104] In pre-processing step 810, simulated wafer (Phy) image 
517A and simulated wafer (Ref) image 517B are aligned. Alignment 
can be done using defect -free patterns (assuming the simulated 
images 517 include both defect and defect -free areas) or the 
coordinates provided by image generator 505 for the 
defect /defect -free areas (and subsequently transmitted to input 
device 510, image simulator 511, and finally defect printability 
analysis 515) . When these patterns/areas are aligned, the 
features provided on simulated images 517 are also aligned. 
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[0105] After alignment, two-dimensional analysis step 820 can 
proceed. Specifically referring to Figure 8B, which describes 
two-dimensional analysis step 820 in further detail, a defect on 
simulated wafer (Phy) image 517A is identified in step 821. 
Then, the corresponding area of simulated wafer (Ref) image 517B 
is identified in step 822. Note that the coordinates provided by 
image generator 505 can be used for identification steps 821 and 
822. In step 823, any feature proximate to the defect (also 
referenced herein as a neighbor feature) on simulated wafer (Phy) 
image 517A is identified. Finally, in step 824, the 
corresponding feature (s) on simulated wafer (Ref) image 517B can 
be identified. 

[0106] Note that the term "proximate" can refer to any feature 
that changes in CD as a result of the proximity of the defect. 
However, in one simple implementation, any feature within a 
predetermined distance of the defect can be identified as a 
neighbor feature. In another embodiment, both the size of the 
defect (which can be determined in step 821) and the distance of 
the defect from the neighbor feature (which can be determined in 
step 823) are compared to measurements in a design rule table. 
The design rule table can identify, for each defect size (or 
range of sizes) , a maximum distance from the defect, wherein if 
the feature is located less than the maximum distance from the 
defect, then the feature is characterized as a neighbor feature. 

[0107] After two-dimensional analysis, defect analysis step 
830 can proceed. In defect analysis, the defect-free areas are 
analyzed to calculate average CD deviations (ACDs) (explained in 
detail below) and the defect areas are analyzed to calculate the 
relative CD deviations (RCDs) (also explained in detail below) . 
Note that calculating the ACDs and RCDs can be done in any order. 
Figure 8C describes defect analysis step 830 in further detail. 
Specifically, in step 831, CDs for one or more features in the 
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defect -free areas on the simulated wafer images 517 and for any 
neighbor features in the defect areas on the simulated wafer 
images 517 are measured. 



on simulated wafer image (physical mask) 517A is first subtracted 
from the CD of the corresponding defect -free feature on simulated 
wafer image (reference mask) 517B. This difference is then 
divided by the CD of the same defect -free feature on simulated 
wafer image (reference) 517B. To improve the accuracy of the ACD 
calculation, multiple features can be analyzed. Specifically, N 
ACDs can be added and then divided by N, wherein N is an integer 
greater than or equal to 1. For example, if two features were 
analyzed, then the ACD could be calculated by the following 
equation: [(CD(R1) - CD (PI) ) /CD (Rl) + [(CD(R2) - 
CD (P2) ) /CD (R2) ] /2) , wherein R represents the simulated wafer 
image of the reference mask and P represents the simulated wafer 
image of the physical mask. Note that ACDs could be determined 
for different defect-free features or for the same defect-free 
feature. For example, in one embodiment, a representative gate 
can be cut every 2 nm (parallel slices of FET channel) across the 
gate width. Note that the CD estimation can be performed using 
standard mask inspection equipment provided by KLA-Tencor, 
Applied Materials, LaserTech, or any other reticle 
inspection/metrology tool vendor. 

[0109] In one embodiment, different exposures can be used to 
provide multiple ACDs for each feature. Note that the exposures 
used can be a range of values that deviate from the exposure 
level that will be used in the actual fabrication process, 
thereby providing a user with valuable information regarding the 
worst-case result. Further note that such exposure conditions 
are typically included in lithography conditions 512 (Figure 5)- 



[0108] 



To determine an ACD, the CD of one defect -free feature 
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that can be simulated. Therefore, referring back to Figure 8C, 
the ACD for each exposure can be calculated in step 832. 



calculated for each identified neighbor feature (as identified in 
the defect areas of the simulated images) in each exposure. For 
example, for each exposure, the CD of an identified neighbor 
feature (such as 904 (R) ) in defect area 901 (R) of simulated wafer 
image 901 (R) is subtracted from the CD of the same feature (in 
this case, 904 (P) ) in defect area 901 (P) on simulated wafer image 
901 (P). This difference is then divided by the CD of the 
identified neighbor feature on simulated wafer image 901 (R) (i.e. 
(CD(P) - CD(R) ) /CD(R) . Finally, the maximum RCD (MCD) of the 
identified neighbor feature can be determined for each exposure 
in step 834. 

[0111] As described in reference to Figure 3, a feature in a 
critical region, such as a gate, requires a high degree of 
precision to ensure proper performance of the transistor in the 
final IC device. Thus, by analyzing multiple masks and the 
features therein, a defect could be characterized as 
insubstantial because it is small and in a non-critical region 
(e.g. the interconnect) , whereas a defect could be characterized 
as substantial even though it is small because it is in a 
critical region of the IC (e.g. the gate) . 

[0112] Referring to Figure 5, defect printability analysis 
generator 515 also receives information from a critical region 
identification generator 514. Critical region identification 
generator 514 could include any standard pattern recognition 
tools (both hardware and software) to analyze the physical masks, 
like physical mask 501A, used to fabricate the IC. Irrespective 
of specific tools used, critical region identification generator 
514 provides defect printability analysis generator 515 with 
information identifying areas of each mask that are designated 



[0110] 



In step 833, a relative CD deviation (RCD) is 
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critical regions. With this information, defect printability 
analysis generator 515 can determine whether a defect is located 
within a critical region in step 840 (Figure 8A) . 
[0113] A defect in a critical region will typically have a 
lower tolerance for relative CD changes. In one embodiment, the 
tolerance for CD changes (TCD) could be provided by a look-up 
table. This look-up table could include values determined by a 
mask quality control engineer based on experience and various 
mask specifications. For example, a critical area could have a 
TCD range between approximately 3% and 5%, whereas a non-critical 
area with very few features could have a TCD range between 
approximately 10% and 15%. In one embodiment, critical region ID 
generator 514 could include this look-up table. 
[0114] Equation 1 provides an illustrative calculation for 
determining a defect severity score. Note that Equation 1 
includes the ACD, MCD, and TCD variables described in detail 
above, and further includes a variable i that indicates a 
particular exposure and a variable N that indicates the total 
number of exposures analyzed. 

N 

DSS = (3/N) x £ (MCDi - ACDi/3) /TCD Equation 1 



[0115] Figure 9A illustrates an exemplary portion 900 (P) from 
a physical mask. Portion 900 (P) includes a defect area 901 (P) 
and a defect-free area 902 (P) . In a similar manner, Figure 9B 
illustrates a portion 900 (R) from a reference mask corresponding 
to portion 900 (P) . Portion 900 (R) includes a defect area 901 (R) 
and a defect-free area 902 (R) . 

[0116] By using coordinates or defect -free patterns in pre- 
processing step 810, the corresponding locations of these 
portions/areas in the simulated wafer images can be aligned. 

29 



NTI-004 



PATENT 



Specifically, for example, the simulated wafer images of defect- 
free areas 902 (P) and 902 (R) can be aligned. In a similar manner 
the simulated wafer images of defect areas 901 (P) and 901 (R) can 
be aligned. Once areas 901 and 902 are aligned, the features in 
the simulated wafer images are also aligned. Thus, for example, 
features 904 (P) and 905 (P) of defect area 901 (P) are aligned with 
features 904 (R) and 905 (R) of defect area 901 (R) in pre- 
processing step 810. 

[0117] In two-dimensional analysis step 820, a defect on the 
simulated wafer image of mask portion 901 (P) is identified. In 
this example, an arrow points to a defect 903 in defect area 
901 (P). Features 904 (P) and 905 (P) are then identified as 
neighbor features that can be affected by defect 903. Finally, 
any corresponding features on the simulated wafer image of mask 
portion 901 (R) can be identified. In this example, features 
904 (R) and 905 (R) are identified. 

[0118] At this point, defect analysis step 830 can proceed. 
Figures 10 (A(l)-A(3) and B(l)-B(3)) and 11 (A(l)-A(3) and B(l)- 
B(3)) illustrate the application of the defect severity score 
calculation to the simulated wafer images of portions 900 (P) and 
900 (R) . To calculate the average CD deviations for defect-free 
features, multiple features are typically measured. For example, 
Figures 10A(l-3) represent the simulated wafer images from 
defect-free area 902 (P) of physical mask 900 (P) for three 
exposures. Lines 1001 (P) -1006 (P) represent cuts made to two 
defect -free features of the simulated wafer image in the three 
exposures. Specifically, lines 1001 (P) and 1002 (P) represent 
cuts made to two features in a first exposure, lines 1003 (P) and 
1004 (P) represent the same cuts made to the same features in a 
second exposure, and lines 1005 (P) and 1006 (P) represent the same 
cuts made to the same features in a third exposure. 
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[0119] In a similar manner, Figures 10B(l-3) represent 
simulated wafer images from defect-free area 902 (R) of reference 
mask 900 (R) for the same three exposures. Lines 1001 (R) -1006 (R) 
represent cuts made to two defect -free features of the simulated 
wafer image in the three exposures, wherein these cuts correspond 
to the cuts 1001 (P) -1006 (P) . Thus, lines 1001 (R) and 1002 (R) 
represent cuts made to two features in a first exposure, lines 
1003 (R) and 1004 (R) represent the same cuts made to the same 
features in a second exposure, and lines 1005 (R) and 1006 (R) 
represent the same cuts made to the same features in a third 
exposure . 

[0120] Each cut line 1001 (P) - 1006 (P) and 1001 (R) - 1006 (R) 
provides an associated CD. Therefore, for ease of reference, 
lines 1001 (P) -1006 (P) and 1001 (R) -1006 (R) are hereinafter 
referenced as CDs 1001 (M) -1006 (M) and 1001 (R) -1006 (R) . 

[0121] For the first exposure shown in Figures 10A(1) and 
10B(1), the average CD deviation can be calculated as follows: 
ACD(l) = [ (1001 (R) -1001 (P) ) /1001 (R) + (1002 (R) - 
1002 (P) ) /1002 (R) ] /2 

[0122] In one embodiment, the actual measurements of CDs 
1001 (R), 1001 (P) , 1002 (R) , and 1002 (P) are, respectively, 266nm, 
266nm, 322nm, and 294nm. Plugging these values into the equation 
for ACD(l), yields approximately 0.043nm. 

[0123] For the second exposures shown in Figures 10A(2) and 
10B(2), the average CD deviation can be calculated in a similar 
manner : 

ACD(2) = [ (1003 (R) -1003 (P) ) /1003 (R) + (1004 (R) - 

1004 (P) ) /1004 (R) ] /2 
[0124] In one embodiment, the actual measurements of CDs 
1003 (R), 1003 (P), 1004 (R), and 1004 (P) are, respectively, 266nm, 
266nm, 294nm, and 294nm. Plugging these values into the equation 
for ACD(2), yields O.Onm. 
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[0125] Finally, for the third exposure shown in Figures 10A(3) 
and 10B(3), the average CD deviation can also be calculated in 
the same manner: 

ACD(3) = t (1005 (R) -1005(P) ) /1005 (R) + (1006(R)- 

1006 (P) )/l006 (R) ] /2 
[0126] In one embodiment, the actual measurements of CDs 
1005 (R), 1005 (P) , 1006 (R) , and 1006 (P) are, respectively, 252nm, 
238nm, 294nm, and 294nm. Plugging these values into the equation 
for ACD(3), yields approximately 0.028nm. 

[0127] In defect analysis, a relative CD deviation (RCD) is 
also calculated for neighbor features in the defect area for each 
exposure level. Figures llA(l-3) illustrate the simulated wafer 
images for features 904 (P) and 905 (P) in defect area 901 (P) for 
three exposures. Lines 1101 (P) - 1106 (P) represent cuts made to 
these two features of the simulated wafer image in the three 
exposures. Specifically, lines 1101 (P) and 1102 (P) represent 
cuts made to features 904 (P) and 905 (P) in a first exposure, 
lines 1103 (P) and 1104 (P) represent cuts made to features 904 (P) 
and 905 (P) in a second exposure, and lines 1105 (P) and 1106 (P) 
represent cuts made to features 904 (P) and 905 (P) in a third 
exposure . 

[0128] Similarly, Figures llB(l-3) illustrate the simulated 
wafer images for features 904 (R) and 905 (R) for the same three 
exposures. Lines 1101 (R) -1106 (R) represent cuts made to these 
two features of the simulated wafer image in the three exposures. 
Specifically, lines 1101 (R) and 1102 (R) represent cuts made to 
features 904 (R) and 905 (R) in a first exposure, lines 1103 (R) and 
1104 (R) represent cuts made to features 904 (R) and 905 (R) in a 
second exposure, and lines 1105 (R) and 1106 (R) represent cuts 
made to features 904 (R) and 905 (R) in a third exposure. 
[0129] Each line 1101 (P) -1106 (P) and 1101 (R) -1106 (R) provides 
an associated CD. Therefore, for ease of reference, lines 
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1101 (P) -1106 (P) and 1101 (R) -1106 (R) are hereinafter referenced as 
CDs 1101 (P) -1106 (P) and 1101 (R) - 1106 (R) . 

[0130] For the first exposures shown in Figures 11A(1) and 
11B(1), the relative CD deviation (RCD) can be calculated for 
feature 904 as follows: 

RCD (1 (904) ) = (1101 (P) -1101 (R) ) /1101 (R) 
[0131] In one embodiment, the actual measurements of CDs 
1101 (R) and 1101 (P) are, respectively, 266nm and 364nm. Plugging 
these values into the equation for RCD (1(904)), yields 
approximately 0.368nm. 

[0132] In a similar manner, for the first exposures shown in 
Figures 11A(1) and 11B(1), the relative, maximum CD (RCD) change 
can be calculated for feature 905 as follows: 

RCD (1 (905) ) = (1102 (P) -1102 (R) ) /1102 (R) 
[0133] In one embodiment, the actual measurements of CDs 
1102 (R) and 1102 (P) are, respectively, 252nm and 322nm. Plugging 
these values into the equation for RCD(1{905)), yields 
approximately 0.278nm. 

[0134] The RCDs can be calculated for features 904 and 905 for 
the second and third exposures in a similar manner as shown 
below . 

RCD (2 (904) ) = (1103 (P) -1103 (R) ) /1103 (R) 

RCD (2 (905) ) = (1104 (P) -1104 (R) ) /1104 (R) 

RCD (3 (904) ) = (1105 (P) -1105 (R) ) /1105 (R) 

RCD (3 (905) ) = (1106 (P) -1106 (R) ) /1106 (R) 
[013 5] In one embodiment, the actual measurements of CDs 
1103 (R), 1103 (P), 1104 (R), 1104 (P), 1105 (R) , 1105 (P), 1106 (R) , 
1106 (P) are, respectively, 238nm, 350nm, 252nm, 294nm, 224nm and 
280nm. Plugging these values into the equations for RCD(2(904)), 
RCD(2(905)), RCD(3(904)), and RCD ( 3 ( 905 ) ) , yields, respectively, 
approximately 0.471nm, 0.167nm, 0.353nm, and 0.250nm. 
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[0136] To determine the maximum CD deviation (MCD) for each 
exposure, the largest RCD value is chosen. Thus, the maximum CD 
deviation for the first exposure (MCD(l)) is 0.368nm (0.368 > 
0.278), MCD(2) is 0.471nm (0.471 > 0.167), and MCD(3) is 0.353nm 
(0.353 > 0.250) . 

[0137] The defect severity score (DSS) can be calculated by 
using Equation 1. In the example given, because three exposures 
were analyzed, N=3 . 

[0138] Substituting these values in Equation 1 yields: 

3 

DSS = (3/3) x Z (MCDi - (ACDi/3) ) /TCD 
i 

[013 9] Thus, based on the three exposures, 

DSS = (3/3) [ (MCD(l) - (ACD(l)/3) )/TCD + (MCD (2)- 

(ACD(2)/3) ) /TCD + (MCD (3) - (ACD (3) /3 ) ) /TCD] 
[0140] Substituting the values calculated above for MCD and 
ACD for the three exposures, yields: 

DSS = [ (0.368- (0.043/3) )/0.1 + (0 . 473- (0/3) ) /0 . 1 + (0.353- 

(0.028/3) )/0.1 

DSS =3.54+4.73+3.44 
[0141] Therefore, defect 903 (see Figure 9A) ,has a DSS of 
approximately 11.71. 

[0142] Defect printability analysis generator 515 (Figure 5) 
can output the defect severity score (DSS) (in one embodiment, a 
scale from 1 to 10) in an impact report 516. This impact report 
516 can be used to reduce human error in defect printability 
analysis. For example, perhaps a DSS score of 5 indicates that 
printed features would have significant performance issues, but 
that repair of the physical mask is possible. On the other hand, 
perhaps a DSS score of 7 and above indicates not only performance 
issues, but that re- fabrication of the physical mask is 
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recommended. For example, in one embodiment, a DSS of less than 
3 means that the CD changes due to the defect are within the 
specified CD tolerance, a DSS between 3 and 6 means that the CD 
changes due to the defect are larger than the specified CD 
tolerance, but the CD changes do not result in severe defects on 
the wafer (such as opens or bridges) , and a DSS greater than 6 
means that the CD changes due to the defect result in severe 
defects on the wafer. Thus, by providing a numerical result 
having an associated meaning for each number, a technician can 
proceed efficiently and without error to the next action, e.g. 
repair of the physical mask or re- fabrication of the physical 
mask. 



Process Windows 

[0143] Defect printability can also be assessed using various 
process windows . Process windows can be derived from certain 
plots known by those skilled in the art. In general terms, the 
process window of a feature is the amount of variation in the 
process that can be tolerated while still maintaining critical 
dimensions (CDs) of the feature within a certain range of the 
target CD. 

[0144] One known process variation is the focus setting of the 
projection tool, i.e. the stepper. The focus can significantly 
change the resist profile (CD, sidewall angle, and resist 
thickness) and thus is critical in providing an acceptable 
lithographic process. 

[0145] Because of the impact of focus and exposure, these 
variables are typically varied at the same time in a focus- 
exposure matrix. The process window can be derived from such a 
matrix. Focus and exposure values that fall within the process 
window produce resist features, e.g. CDs, within tolerance, 
whereas focus and exposure values that fall outside the process 
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window produce resist features outside tolerance. Thus, as shown 
in detail below, the process window can provide an objective 
means for determining the severity and printability of a defect. 



feature 1204 and a defect 1203. As shown above, defect 1203 will 
affect the width of feature 1204. Specifically, the width of 
feature 1204 at cut line 1201 will be larger than the width at 
cut line 1202. 



nanometers) versus defocus (in nanometers) . In this figure, the 
bold horizontal line indicates that the target CD is 200 nm, 
whereas the other horizontal lines indicate a +/- 10% error of 
this target CD. Curves 1211 and 1212 are generated by exposing 
(or simulating exposure of) the mask including defect 1223 and 
analyzing the CDs of the printed feature at cut lines 1201 and 
1202 at various defocus levels (in this case, -500nm to 500nm) . 
Curves 1211 and 1212 represent the CD analysis at cut lines 1201 
and 1202, respectively. 

[0148] Logically, each feature size on curve 1212 has a 
corresponding larger feature size on curve 1211. For example, at 
-300nm defocus, the feature size at cut line 1202 (see curve 
1212) is approximately 150nm, whereas the feature size at cut 
line 1201 (see curve 1211) is approximately 170nm. Note that an 
acceptable defocus window for both curves, i.e. between 
horizontal lines CD +/- 10%, is between approximately -2 08nm and 
208nm. 

[0149] Figure 12C illustrates a plot of percentage exposure 
deviation versus defocus (in nanometers) . In this figure, curves 
1221 represent the upper and lower bounds of exposure deviation 
for cut line 1201 for various defocus levels, whereas curves 1222 
represent the upper and lower bounds of exposure deviation for 
cut line 1202 for various defocus levels. The largest possible 



[0146] 



For example, Figure 12A illustrates a mask having a 



[0147] 



Figure 12B shows a plot of feature size (also in 
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rectangle that fits within the overlap of these two areas defines 
a common process window 1223. In this embodiment, common process 
window 1223 indicates that the defocus can vary between 
approximately -150nm and 150nm, whereas the exposure deviation 
can vary between approximately -10% and 10% (all while 
maintaining the line CD within tolerance) . 

[0150] Figure 12D plots exposure latitude (%) versus depth of 
focus (DOF) (in nanometers) , wherein exposure latitude refers to 
the amount of exposure dose variation and DOF refers to the 
amount of focus variation. In this figure, curves 1231 represent 
the upper and lower bounds of exposure latitude for cut line 1201 
for various DOFs, whereas curves 1232 represent the upper and 
lower bounds of exposure latitude for cut line 12 02 for various 
DOFs. Note that curves 1231 and 1232 share the same lower 
boundary. The largest possible rectangle that fits under the 
common lower boundary defines a common process window 1233. In 
this embodiment, common process window 1233 indicates that the 
DOF can vary between approximately Onm and 3 00nm, whereas the 
exposure latitude can vary between approximately 0% and 19% (once 
again, while maintaining the line CD within tolerance) . 
[0151] Note that the information provided by process window 
1233 can be derived by process window 1223. Specifically, the 
DOF range is equal to the total range of defocus and the exposure 
latitude range is equal to the total range of exposure deviation. 
[0152] Figure 13A illustrates a mask having a feature 1304 and 
a defect 1303. Although feature 1304 is the same size as feature 
1204, defect 1303 is significantly larger than defect 1203. 
Thus, the width of printed feature 1304 at cut line 1301 will be 
wider than the width of printed feature 1304 at cut line 1302. 
Moreover, as described in detail below, defect 1303 will 
significantly decrease the process window compared to defect 
1203. 



37 



NTI-004 PATENT 




[0153] Figure 13B shows a plot of feature size (also in 
nanometers) versus defocus (in nanometers) . Once again, the bold 
horizontal line indicates that the target CD is 200 nm, whereas 
the other horizontal lines indicate a +/- 10% error of this 
target CD. Curves 1311 and 1312 are generated by exposing (or 
simulating exposure of) the mask including defect 1323 and 
analyzing the CDs of the printed feature at cut lines 1301 and 
1302 at various defocus levels (in this case, -500nm to 500nm) . 
Curves 1311 and 1312 represent the CD analysis at cut lines 1301 
and 1302, respectively. 

[0154] As noted previously, each feature size on curve 1312 
has a corresponding larger feature size on curve 1311. For 
example, at -300nm defocus, the feature size at cut line 1302 
(see curve 1312) is approximately 150nm, whereas the feature size 
at cut line 1301 (see curve 1311) is approximately 185nm. Note 
that an acceptable defocus window for both curves, i.e. between 
horizontal lines CD + /- 10%, is between approximately -208nm and 
-lOOnm as well as between approximately lOOnm and 208nm. 
[0155] Figure 13C illustrates a plot of percentage exposure 
deviation versus defocus (in nanometers) . In this figure, curves 
1321 represent the upper and lower bounds of exposure deviation 
for the CD corresponding to cut line 1301 for various defocus 
levels, whereas curves 1322 represent the upper and lower bounds 
of exposure deviation for the CD corresponding to cut line 1302 
for various defocus levels. The largest possible rectangle that 
fits within the overlap of these two areas defines a common 
process window 1323. In this embodiment, common process window 
1323 indicates that the defocus can vary between approximately - 
lOOnm and lOOnm, whereas the exposure deviation can vary between 
approximately 2% and 15% (all while maintaining the line CD 
within tolerance) . 
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[0156] Figure 13D plots exposure latitude (%) versus DOF (in 
nanometers) . In this figure, curves 1331 represent the upper and 
lower bounds of exposure latitude for the CD corresponding to cut 
line 1301 for various DOFs, whereas curves 1332 represent the 
upper and lower bounds of exposure latitude for the CD 
corresponding to cut line 1302 for various DOFs . Note that 
curves 1331 and 1332 share substantially the same upper and lower 
boundaries. The largest possible rectangle that fits under the 
common lower boundary defines a common process window 1333. In 
this embodiment, common process window 1333 indicates that the 
DOF can vary between approximately Onm and 2 00nm, whereas the 
exposure latitude can vary between approximately 0% and 12% (once 
again, while maintaining the line CD within tolerance) . 
[0157] Note that process windows 1223/1233 are significantly 
larger than process windows 1323/1333. As seen from this 
example, a larger defect size reduces the process window. 
Therefore, various process windows can be compared to determine 
defect printability . Specifically, the process window for a 
defect -free feature could be compared to one or more process 
windows of features having a defect proximate to such feature (s). 
In a typical embodiment, the customer could set a range of 
acceptable deviation from the process window for the defect -free 
feature . 

[0158] The process described above is equally applicable to 
defects that form part of the feature. For example, Figure 14A 
illustrates a mask having a feature 1404 and an integrally formed 
defect 1403. Defect 1403 will affect the width of feature 1404. 
Specifically, the width of feature 1404 at cut line 1401 will be 
larger than the width at cut line 1402. 

[0159] Figure 14B shows a plot of feature size (also in 
nanometers) versus defocus (in nanometers) . In this figure, the 
bold horizontal line indicates that the target CD is 200 nm, 
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whereas the other horizontal lines indicate a +/- 10% error of 
this target CD. Curves 1411 and 1412 are generated by exposing 



analyzing the CDs of the printed feature at cut lines 1401 and 
1402 at various defocus levels (in this case, -500nm to 500nm) . 
Curves 1411 and 1412 represent the CD analysis at lines 1401 and 
1402, respectively. In this embodiment, energy of 3.9 mJ/cm2 was 
assumed for development . 

[0160] Logically, each feature size on curve 1412 has a 
corresponding larger feature size on curve 1411. For example, at 
-300nm defocus, the feature size at cut line 1402 (see curve 
1412) is approximately 150nm, whereas the feature size at cut 
line 1401 (see curve 1411) is approximately 165nm. Note that an 
acceptable defocus window for both curves, i.e. between 
horizontal lines CD +/- 10%, is between approximately -208nm and 
208nm. 

[0161] Figure 14C illustrates a plot of percentage exposure 
deviation versus defocus (in nanometers) . In this figure, curves 
1421 represent the upper and lower bounds of exposure deviation 
for cut line 1401 for various defocus levels, whereas curves 1422 
represent the upper and lower bounds of exposure deviation for 
cut line 1402 for various defocus levels. The largest possible 
rectangle that fits within the overlap of these two areas defines 
a common process window 1423. In this embodiment, common process 
window 1423 indicates that the defocus can vary between 
approximately -150nm and 150nm, whereas the exposure deviation 
can vary between approximately -5% and 9% (all while maintaining 
the line CD within tolerance) . 

[0162] Figure 14D plots exposure latitude (%) versus DOF (in 
nanometers) . In this figure, curves 1431 represent the upper and 
lower bounds of exposure latitude for cut line 14 01 for various 
DOFs, whereas curves 1432 represent the upper and lower bounds of 



(or simulating exposure of) the mask including defect 1403 and 
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exposure latitude for cut line 1402 for various DOFs . Note that 
curves 1431 and 1432 share the same lower boundary. The largest 
possible rectangle that fits under the common lower boundary 
defines a common process window 1433. In this embodiment, common 
process window 1433 indicates that the DOF can vary between 
approximately Onm and 300nm, whereas the exposure latitude can 
vary between approximately 0% and 14% (once again, while 
maintaining the line CD within tolerance) . 

[0163] As noted previously, the information provided by 
process window 1433 can be derived by process window 1423. 
Specifically, the DOF range is equal to the total range of 
defocus and the exposure latitude range is equal to the total 
range of exposure deviation. 

[0164] Figure ISA illustrates a mask having a feature 1504 and 
a defect 1503. Although feature 1504 is the same size as feature 
1404, defect 1503 is significantly larger than defect 1403. 
Thus, the width of printed feature 1504 at cut line 1501 will be 
wider than the width of printed feature 1404 at cut line 1401. 
Moreover, as described in detail below, defect 1503 will 
significantly decrease the process window compared to defect 
1403 . 

[0165] Figure 15B shows a plot of feature size (also in 
nanometers) versus defocus (in nanometers) . Once again, the bold 
horizontal line indicates that the target CD is 2 00 nm, whereas 
the other horizontal lines indicate a +/- 10% error of this 
target CD. Curves 1511 and 1512 are generated by exposing (or 
simulating exposure of) the mask including defect 1503 and 
analyzing the CDs of the printed feature at cut lines 1501 and 
1502 at various defocus levels (in this case, -500nm to 500nm) . 
Curves 1511 and 1512 represent the CD analysis at cut lines 1501 
and 1502, respectively. 



41 



NTI-004 PATENT 



[0166] As noted previously, each feature size on curve 1512 
has a corresponding larger feature size on curve 1511. For 
example, at -300nm defocus, the feature size at cut line 1502 
(see curve 1512) is approximately 150nm, whereas the feature size 
at cut line 1501 (see curve 1511) is approximately 198nm. Note 
that an acceptable defocus window for both curves, i.e. between 
horizontal lines CD +/- 10%, is no longer attainable. 
[0167] Figure 15C illustrates a plot of percentage exposure 
deviation versus defocus (in nanometers) . In this figure, curves 
1521 represent the upper and lower bounds of exposure deviation 
for the CD corresponding to cut line 1501 for various defocus 
levels, whereas curves 1522 represent the upper and lower bounds 
of exposure deviation for the CD corresponding to cut line 1502 
for various defocus levels. In this case, the two areas defined 
by curves 1521 and 1522 do not overlap. Therefore, no common 
process window exists. Thus, defect 1503 will effectively 
prevent feature 1504 from printing within tolerance. 
[0168] Figure 15D plots exposure latitude (%) versus DOF (in 
nanometers) . In this figure, curve 1531 represents the upper 
bounds of exposure latitude for the CD corresponding to cut line 

1501 for various DOFs, whereas curve 1532 represents the upper 
bounds of exposure latitude for the CD corresponding to cut line 

1502 for various DOFs. Note that curves 1531 and 1532 do not 
share any lower boundary. Therefore, no common process window 
exists, thereby confirming the information derived from Figure 
15D. 

[0169] In Figures 12-15, the use of process windows to 
determine defect printability has been applied to lines. 
However, this use of process windows is also applicable to the 
printability of contacts and vias. Figures 16A-16D respectively 
illustrate a defect-free contact 1601 on a mask, a plot 1602 of 
feature size versus defocus, a plot 1603 of exposure deviation 
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versus defocus (and a resulting process window) , and a plot 1604 
of exposure latitude versus DOF (and its resulting process 
window) . 



contact 1701 on a mask, a plot 1702 of feature size versus 
defocus, a plot 1703 of exposure deviation versus defocus (and a 
resulting process window) , and a plot 1704 of exposure latitude 
versus DOF (and its resulting process window) . Note that contact 
1701 has noticeably significant CD variations and thus, under 
prior art analysis, could be considered a moderately defective 
contact . 

[0171] However, an analysis of the process windows of Figures 
17C and 17D compared to the process windows of Figures 16C and 
16D reveals that contact 1701, although exhibiting considerable 
CD variation, has one process window relatively similar to those 
of contact 1601. Specifically, referring to Figures 17D and 16D, 
contacts 1701 and 1601 both have a common depth of focus between 
0 and 600nm and a substantially similar exposure latitude, i.e. 
between 0 and 58% for contact 1701 and between 0 and 40% for 
contact 1601. However, although contacts 1701 and 1601 have the 
identical defocus (i.e. between -300nm and 300nm) , these contacts 
have significantly different percentage exposure deviations. 
Specifically, contact 1701 has an exposure deviation between 
approximately 22% and 80%, whereas contact 1601 has an exposure 
deviation between approximately -3 and 3 7%. As a result, a 
common process window, albeit small, can exist for both contacts 
1701 and 1601. 

[0172] Thus, analyzing the process windows associated with a 
feature can provide an objective means of determining the 
printability of that feature based on a defect. For example, a 
defect severity can be derived from the amount of overlap between 
two process windows (i.e. the common process window), wherein one 



[0170] 



In contrast, Figures 17A-17D respectively illustrate a 
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process window is extracted from the defect cut line and another 
process window is extracted from the reference cut line. 
Specifically, in accordance with this embodiment, defect 
printability analysis generator 515 could determine a common 
process window for the features provided in masks 501A and 501B 
and provide this information in impact report 516. 

Repairs of the Physical Mask 

[0173] Figure 18 illustrates one process that can be used to 
analyze repairs that could be done on a physical mask. As shown 
in Figure 18, using impact report 516 (or portions therein) , a 
bitmap editor 1801 can indicate possible corrections to be made 
to the physical mask (for example, physical mask 501A) to 
eliminate or significantly minimize the effects of one or more 
defects. Bitmap editor 1801 can then output a simulated mask 
1802 including these corrections. Thus, simulated mask 1802 is a 
possible, repaired version of the physical mask. Note that 
bitmap editor 1801 can be separate from or use the same tools as 
wafer image generator 50 9. 

[0174] Simulated mask 1802 can be inspected by inspection tool 
502 and used by wafer image generator 509 to generate a new, 
simulated wafer image (not shown) and a new impact report that 
indicates the success of the possible corrections provided in 
mask 1802. If the corrections are acceptable, then bitmap editor 
1801 can provide the correction information directly to mask 
repair tools 1803 for repair of the physical mask. If the 
customer desires additional optimization or analysis of different 
parameters, then the above -described processes can be repeated 
until either the corrections are deemed to be within an 
acceptable range or bitmap editor 1801 indicates that the desired 
result cannot be attained by repairing the physical mask. 
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the optimized mask writing strategy. For example, a laser tool 
can be used for opaque defects (e.g. removal of chromium 
defects) , whereas a focused ion beam tool can be used for clear 
defects (e.g. deposition of chromium). Note that laser and 
focused ion beam tools can also be used for deposition and 
removal, respectively. Generally, a focused ion beam tool 
provides more precision than a laser tool. However, the focused 
ion beam tool is typically slower than the laser tool. Bitmap 
editor 1801 can receive inputs (not shown) that indicate customer 
time or cost limitations, thereby allowing bitmap editor 1801 to 
optimize the repair process based on these customer parameters. 
[0176] In yet another embodiment of the invention, bitmap 
editor 1801 can be used to provide information to wafer repair 
tools (not shown) . Specifically, bitmap editor 1801 can include 
a program that compares the efficacy of repairing a mask versus 
repairing a wafer. In one embodiment, the program can convert 
non-optical (e.g. SEM, focused ion beam) images into optical 
images for further analysis. 

Batch Processing 

[0177] Of importance, defect printability analysis can be done 
on individual defects or on a plurality of defects. In one 
embodiment, inspection tool 502 and wafer image generator 509 can 
automatically provide outputs regarding all defects found on 
physical mask 501A. Thus, impact report 516 could include defect 
severity scores on all defects. 

[0178] Alternatively, if desired, impact report 516 could 
include only defect severity scores above a certain value (above 
DSS of u 5", for example). This tailored impact report could, in 
turn, be provided to bitmap editor 1801 (and subsequently to mask 
repair tools 1803) . Therefore, a complete, automated defect 
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detection and correction process could be provided, thereby 
significantly reducing the time for a mask to be analyzed and 
repaired (if appropriate) . 

OPC Considerations 

[0179] Defect printability analysis can also eliminate the 
necessity of evaluating OPC features separately from other 
features. For example, assume that a defect located proximate to 
a scattering bar does not effect the printing of an associated 
isolated feature. However, this defect may optically interact 
with the scattering bar, thereby resulting in printing at least 
part of the scattering bar. As noted earlier, OPC features, such 
as scattering bars, are sub-resolution features and should not 
print . 

[0180] In accordance with one embodiment, if an OPC feature 
prints (as determined by simulated wafer image) due to a defect, 
then the defect analysis (step 830) can indicate this error as CD 
changes are determined (step 831) . Thus, by eliminating any 
complicated design rules regarding OPC features, this embodiment 
ensures a quick, reliable, and accurate method to identify 
defects adversely affecting OPC features. 

Mask Quality Issues 

[0181] In addition to CD changes, other printability factors, 
such as line edge roughness, also should factor into mask 
quality. However, line edge roughness of a feature on a mask is 
currently not measured in a meaningful way. 

[0182] Figure 19A illustrates a simplified, simulated wafer 
image 1900 including two lines 1901 and 1902. Of interest, a 
line with line edge roughness might not necessarily exhibit CD 
variations. For example, because line 1902 has substantially 
symmetrical line edge roughness, line 1902 might not have 
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significant CD variations. However, both lines 1901 and 1902 
should be characterized as exhibiting line edge roughness. 



be analyzed separately, thereby allowing line edge roughness to 
be accurately measured. Specifically, using line 1902 as an 
example, a centerline 1903 of line 1902 can be determined based 
on reference mask 50 IB (Figure 5) . Then, a plurality of 
theoretical cuts are made to line 1902 (indicated by lines 1904) . 
Each line 1904 includes two "ribs" that extend from the 
centerline to opposite edges of the line. For example, rib 1904R 
extends from centerline 1903 to the right edge of line 1902, 
whereas rib 1904L extends from centerline 1903 to the left edge 
of line 1902. Note that ribs 1904R and 1904L when added equal 
the CD of line 1902. 

[0184] As one feature of the invention, the lengths of the 
ribs on each side of centerline 1903 can be measured 
independently. In this manner, line edge roughness can be 
accurately determined for each edge of line 1902. In one 
embodiment, defect printability analysis generator 515 can 
calculate the DSS of the LER by using the equations explained in 
detail in reference to Figures 8A-8C, but modifying those 
equations to substitute rib length for a CD. Because all lines 
unavoidably have some LER, defect printability analysis generator 
515 could include a look-up table indicating a threshold value 
for the LER. If unacceptable line edge roughness (LER) is 
detected, defect printability analysis generator 515 could 
indicate the LER of line 1902 as a "defect" listed in impact 
report 516. Thus, the LER could be repaired in a manner similar 
to that described above in reference to Figure 18. 

[0185] Advantageously, the method of using a centerline and 
ribs can be applied to other features on a mask. For example, 
even the most perfect contact on a mask can print as a circle or 



[0183] 



Referring to Figure 19B, edges of a simulated line can 
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near circle on the wafer because of diffraction. Using high 
power electron beam (e-beam) lithography for printing the contact 
on the wafer minimizes this diffraction. However, e-beam 
lithography is significantly more expensive and slower than the 
industry- standard laser raster scan. Unfortunately, using the 
raster scan results in corner rounding of many, but not 
necessarily all, the contacts on the layout. Such corner 
rounding can be efficiently detected, as described in detail 
below. 

[0186] Figure 20A illustrates a contact 2000 having a 
centerline 2001, lines 2002 including ribs 2002TR (top right), 
2002BR (bottom right) , 2002TL (top left) , and 2002BL (bottom 
left), and lines 2003 including ribs 2003R (right) and 2003L 

(left) . In accordance with one feature of the invention, a 
plurality of theoretical, horizontal cuts made to contact 2000 
can be spaced unequally, thereby providing more data points for 
particular elements of a feature. 

[0187] In this example, corner rounding of contacts is of 
particular interest. Therefore, the spacing of the cuts is 
modified to ensure a sufficient number of data points to analyze 
particularly in the corners of the contact. Thus, in Figure 20A, 
lines 2002 have a closer spacing than lines 2003. Corner 
rounding for contact 2000 can be determined by comparing the 
lengths of ribs 2003L to the lengths of ribs 2002TL for the top 
left corner and to the lengths of ribs 2002 BL for the bottom 
left corner. - In a similar manner, the lengths of ribs 2003R can 
be compared to the lengths of ribs 2002TR for the top right 
corner and to the lengths of ribs 2003BR for the bottom right 
corner. Note that there are several known methods of estimating 
corner rounding effects (e.g. missing area, normal distance 
histogramming, etc . ) 
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[0188] In some cases, performance issues relating to contacts 
can include whether a symmetrical contact shape is consistently 
made on the wafer. Advantageously, in addition to line edge 
roughness, the symmetry of the contact can also be determined. 
For example, the lengths of ribs 2002TL, 2003L, and 2002BL can be 
compared to the lengths of ribs 2002TR, 2003R, and 2002BR to 
determine the horizontal symmetry of contact 2000 from centerline 
2001. The vertical symmetry of contact 2000 can be determined by 
using vertical cuts as shown in Figure 2 0B and following a 
similar process of rib comparison. The overall symmetry of 
contact 2000 (i.e. the "squareness") can be determined by 
comparing selected combined horizontal ribs (for example, the 
added lengths of one of ribs 2002TL and one of ribs 2002TR, i.e. 
the CD) to selected combined vertical ribs. 
[0189] In one embodiment, defect printability analysis 
generator 515 can calculate the DSS of the symmetry by using the 
equations explained in detail in reference to Figures 8A-8C, but 
modifying those equations to substitute rib length for a CD. 
Because all contacts unavoidably have some non-symmetry, defect 
printability analysis generator 515 could include a look-up table 
indicating a threshold value for the non- symmetry. If 
unacceptable symmetry is detected, defect printability analysis 
generator 515 could indicate the contact/via as a "defect" listed 
in impact report 516. Thus, the symmetry could be repaired in a 
manner similar to that described above in reference to Figure 18. 
[0190] Note that some structures on the layout, such as 
hammerheads and serifs (outer and inner corner) , are provided to 
facilitate the accurate transferring of lines on the mask to the 
wafer. These structures, although not printing independently 
from the lines, can affect CD variations of those lines on the 
wafer. Thus, any variations of these structures due to printing 
the mask can also adversely affect the printing of the lines 
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on the wafer. By examining the 
of the lines having associated 
structures can also effectively 



Other Embodiments 

[0191] Defect printability analysis, defect severity score, 
and mask quality assessment are described above in various 
embodiments. Variations and modifications to those embodiments 
will be apparent to those skilled in the art. For example, as 
described above, a physical mask and a corresponding, defect -free 
reference image are inspected. In one embodiment described 
above, the defect -free reference image is a simulated image of 
the layout of the physical mask. In an alternative embodiment, 
the defect -free reference image is a defect -free area of the 
physical mask having the same pattern. In yet another 
embodiment, the defect -free reference image is a simulated image 
of the mask as it is processed in manufacturing. In yet another 
embodiment, the defect -free reference image is a physical mask 
image as compensated for with microscope (lens) effects. 
[0192] In a standard mask fabrication process, such as that 
shown in Figure 1, the defect printability/mask quality analysis 
described above can be included in mask inspection step 116. 
Additionally, the mask quality analysis described above is 
equally applicable to wafer repair processes. For example, after 
the wafer fails inspection as determined in step 124, rather than 
proceeding to mask repair steps 12 8 and 130, process steps for 
repairing the wafer could be added. In yet another embodiment, 
in addition to the defect severity score, impact report 516 
(Figure 5) could include other performance output, such as cross- 
section contour lines, light intensity data, critical dimensions 
at different defocuses, and phase transmission data including 
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effect on critical dimensions. Therefore, the present invention 
is limited only by the attached claims. 
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